Impedance spectroscopy is used to study the effect of surface passivation on minority carrier lifetimes. The technique allows measurement of generation and recombination lifetimes separately. Induced p + -p-n structures are prepared by depositing semitransparent layers of high and low work function metals ͑Pd and Al, respectively͒ on the two sides of silicon wafers. Hydrogen adsorption property of Pd surface has been utilized for passivation. The generation lifetimes remain almost unaffected but recombination lifetimes enhance many folds after passivations which are in Generation and recombination lifetimes of minority carriers are important for many semiconductor devices. The concept of recombination lifetime ͑ r ͒ holds when excess carriers decay as a result of electron-hole recombination. The generation lifetime ͑ g ͒ applies when there is a paucity of carriers, as in space charge region of a reverse-biased device while it attains equilibrium. During recombination an electron-hole pair on the average ceases to exist after a time r . When recombination and generation events take place in the bulk, they are characterized by r and g , and when they occur at the surface, they are characterized by the surface recombination ͑S r ͒ and generation ͑S g ͒ velocities. Both the bulk and the surface processes occur simultaneously and the measured lifetime is an effective value ͑ eff ͒.
Generation and recombination lifetimes of minority carriers are important for many semiconductor devices. The concept of recombination lifetime ͑ r ͒ holds when excess carriers decay as a result of electron-hole recombination. The generation lifetime ͑ g ͒ applies when there is a paucity of carriers, as in space charge region of a reverse-biased device while it attains equilibrium. During recombination an electron-hole pair on the average ceases to exist after a time r . When recombination and generation events take place in the bulk, they are characterized by r and g , and when they occur at the surface, they are characterized by the surface recombination ͑S r ͒ and generation ͑S g ͒ velocities. Both the bulk and the surface processes occur simultaneously and the measured lifetime is an effective value ͑ eff ͒.
A variety of techniques 1,2 is available for determination of minority carrier lifetimes in silicon wafers and solar cells. We had recently shown that impedance spectroscopy ͑IS͒ can be applied for measurement of both the generation and the recombination lifetimes in silicon. 3 As the r value is influenced by S r and sensitive to the surface conditions, surface passivation is important for obtaining the true value of bulk lifetime ͑ b ͒. Atomic hydrogen can be used as an effective passivant for both deep and shallow defects in semiconductors 4 due to its high diffusivity at room temperature. In crystalline silicon, passivation of deep defects is observed in p-and n-type material whereas shallow defect passivation is observed in p-type silicon only. 5 In this process, hydrogen is dissociated in atomic form 6 at the metal surface and gets dissolved in the metal. A part of it is adsorbed onto the metal-semiconductor interface, where it gives rise to a dipole layer that changes the metal work function ͑⌽͒ and consequently the electrical properties 7 of the interface. In this paper, generation and recombination lifetimes in induced p + -p-n silicon structure are determined by studying the effect of hydrogenation on impedance and C-V characteristics. This unambiguously determines the strong passivation dependency of minority carrier lifetimes.
Both side polished p-type ͗100͘ silicon wafers ͑300 m thick͒ of different resistivities ͑=1000, 10, and 1 ⍀ cm, referred as S-1, S-2, and S-3, respectively͒, are used to make induced p + -p-n structure which is created by depositing semitransparent layers of palladium ͑⌽ Pd, ϳ 5.12 eV͒ and aluminum ͑⌽ Al, ϳ 4.28 eV͒ on the two sides of the wafer at room temperature. The thickness of the Pd film was kept ϳ300 Å to maintain good optical transparency and that of Al was ϳ1000 Å. No thermal oxide is grown but probability of an ultrathin layer of native oxide at the interfaces cannot be ignored and in such cases measurement sensitivity is rather high. 8 The details of experimental set-up used in this study are given in Ref. 3 . Figure 1 shows the impedance spectrum in complex plane for sample S-1 at zero bias during the hydrogen adsorption and desorption cycles. The shape of impedance curve is semicircular in vacuum which deviates during hydrogen adsorption process with an appearance of a new but small semicircle at low frequencies. This can be attributed to a͒ Author to whom correspondence should be addressed. Electronic mail: pksingh@nplindia.org. Tel.: ϩ91 ͑011͒ 45608588. the hydrogen induced changes in the interface states and bulk acceptor impurities that may affect the effective work function of palladium metal. However, the low frequency side of the spectrum corresponds to surface changes 9 and hence the observed difference is the manifestation of hydrogen adsorption at the surface. During desorption, impedance spectrum attains its initial shape.
The inset I of the Fig. 1 depicts experimental data with their best fit curves under reverse bias, V r , ͑−0.1Ͼ V r Ͼ −0.6 V͒ in hydrogen ambient, where the depletion region edge extends deep into the bulk. The noticeable feature is disappearance of the small semicircle which indicates the reduction in the surface effects. As the nature of data remains semicircular, it can be fitted into a single RC network with one time constant by using the following relation:
The best fit R, C, and series resistance ͑R s ͒ values for S-1 at different V r are listed in Table I . It is found that the impedance spectrum stabilizes around V r = −0.5 V. The value of R s in hydrogen ambient is increased by a factor 2-3 compared to its value in vacuum. 3 This is in agreement with the results of Laïhem et al. 10 The R and C values are used to calculate g ͓ =RC͑n i / N B ͔͒. The value of base doping, N B , is calculated from the Mott-Schottky ͑C −2 -V͒ curves ͑inset II͒ and is found~1.7ϫ 10 13 cm −3 both in vacuum and hydrogen ambient. At 300 K, n i = 1.45ϫ 10 10 cm −3 is considered. 3 The value of RC= 84 . 8 ms ͑at V r = −0.5 V͒ gives g =74.1Ϯ 6.4 s which is close to the value of g =73.6Ϯ 1.2 s obtained under vacuum 3 for the same sample. Therefore, the value of generation lifetime is almost the same in vacuum or under hydrogen ambient.
In p + -p-n structure, built-in voltage, V bi , develops across the two induced junctions of which Al-Si ͑p-n͒ contact can accommodate voltage equal to the work function difference of the two materials ͑i.e., ⌬⌽ pn = ⌽ Al − ⌽ Si ͒ and the remaining would appear across Pd-Si interface that creates highlow ͑p + -p͒ junction. The intercept of C −2 -V curve on x-axis gives the value of V bi -kT/ q. The values of V bi in vacuum and hydrogen are equal to 0.67 and 0.78 V, respectively ͑i.e., an increase of 0.11 V͒. Out of 0.78 V ͑V bi in hydrogen͒ Al-Si contact can accommodate only 0.51 V ͑=⌬⌽ pn ͒ and the remaining 0.27 V would appear across Pd-Si interface ͑i.e., high-low junction͒ as V hl ͑as compared to 0.16 V in vacuum͒. An estimate of the S at the edge of the high-low junction can be made by using the relation S = S l exp͑ −qV hl / kT͒. The limiting value of surface recombination velocity S l is equal to 5.2ϫ 10 6 cm s −1 at 300 K. 3 Therefore, increased barrier height in hydrogen effectively reduces S from ϳ10 4 ͑in vacuum͒ to 1.54ϫ 10 2 cm s −1 ͑in hydrogen͒. Figure 2 shows the impedance spectrum under forward bias ͑V f ͒ in hydrogen ambient where ZЈ versus ZЉ curves are different from the one obtained under the reverse bias in two ways; ͑i͒ they consist of more than one semicircles and ͑ii͒ the radii of circles at higher frequency end first decrease up to +0.2 V ͑from its maximum at zero bias͒ and an opposite trend is observed for V f Ͼ +0.2 V. This may be attributed to the increase in barrier potential at the Pd-Si interface after hydrogenation that results in reduction of S values. A good fitting of the data could be obtained using a more complicated circuit consisting of a number of RC networks connected in series and which is mathematically defined as
The best fitted R and C values with n = 3 ͑e.g., three RC networks͒ are given in Table II along with their estimated recombination time constants ͑ 1 , 2 , and 3 ͒, which corre- spond to the two interfaces and the bulk. As an illustration, ZЈ versus ZЉ data at ϩ0.3 V are plotted in Fig. 2 using R 1 C 1 , R 2 C 2 , and R 3 C 3 networks individually and their possible combinations. For example, curve 7 obtained by R 2 C 2 occurs at high frequency end of the spectrum and therefore represents the bulk properties. 9 The other two R 1 C 1 and R 3 C 3 having large 1 and 3 could be associated with the metalsemiconductor interfaces on two sides of the device. Curve 1 gives the best fit of the data for the entire spectrum range. The maximum value of 2 is obtained at V f = +0.2 V which may be attributed to increased contribution of bulk recombination.
In Fig. 3 , simulated curves for eff as a function of S are plotted for different values of b by using the expression
where, m are the roots of the transcendental equation
Here subscript m represents the m th root and; D and d are the diffusion constant and thickness of the wafer, respectively. The various modes of Eq. ͑3͒ are shown in the inset of Fig. 3 from where it is evident that magnitude associated with higher modes ͑i.e., eff,2 ͒ is significantly small and could not be detected experimentally. Thus, of the various excitation modes, the fundamental mode ͑m =1͒ is indeed the most significant for the interpretation of our data. Figure 3 shows that eff increases and tend toward b with the decrease in S. For bulk lifetime b ϳ 100 s, if S reduces from ϳ10 4 to ϳ10 2 cm s −1 , eff would increase from 10 to 70 s. Compared to this, the recombination lifetime value ͑ r = eff ͒ obtained from the best fitted R and C values at +0.2 V is ϳ66 s ͑shown in Fig. 3͒ . Thus, we estimate b ϳ 100 s for sample S-1. Further increase in forward bias results in reduction in 2 as can be seen from Table II . This may be due to voltage drop at the p + -p junction as defined by
where S may increase by a factor equal to exp͑q⌬V hl / kT͒ that results in lowering of eff or 2 values. The results discussed so far are on a high resistivity sample S-1. To verify consistency of our results, measurements were done on low resistivity wafers ͑1 and 10 ⍀ cm͒ also. The values of lifetime obtained under reverse ͑Ϫ0.5 V͒ and forward bias ͑+0.3 V͒ in hydrogen are shown in Fig. 3 . As expected 11 the low resistivity samples have shorter generation as well as effective recombination lifetimes and hydrogenation increases eff to the values close to the bulk lifetime of the material as in the case of S-1. For further verification of our experimental results, measurements on the samples of the same batch have also been done by microwave photoconductive decay ͑-PCD͒ after surface passivation. 12 All the results are summarized in Table III . A good agreement is found to exist between our results and those obtained from -PCD measurements that allows determination of recombination lifetime only.
To conclude, IS can be utilized to study carrier lifetime in silicon by using induced p + -p-n structure and adsorption of hydrogen at the Pd-Si interface to passivate the surface in order to reduce surface recombination velocity. Thereby recombination lifetime can be determined and which in hydrogen ambient is found close to the bulk lifetime. However, the generation lifetimes obtained in hydrogen are found close to the values obtained in the vacuum indicating that surface passivation does not affect the generation lifetime.
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